Turkish Journal of Biology
Volume 28
Number 2 2-4

Article 6

1-1-2004

Genetic Analysis of Bifunctional Genes from Rumen Bacterium
EMİN ÖZKÖSE
İSMAİL AKYOL
ERCAN EFE
M. SAİT EKİNCİ

Follow this and additional works at: https://journals.tubitak.gov.tr/biology
Part of the Biology Commons

Recommended Citation
ÖZKÖSE, EMİN; AKYOL, İSMAİL; EFE, ERCAN; and EKİNCİ, M. SAİT (2004) "Genetic Analysis of
Bifunctional Genes from Rumen Bacterium," Turkish Journal of Biology: Vol. 28: No. 2, Article 6. Available
at: https://journals.tubitak.gov.tr/biology/vol28/iss2/6

This Article is brought to you for free and open access by TÜBİTAK Academic Journals. It has been accepted for
inclusion in Turkish Journal of Biology by an authorized editor of TÜBİTAK Academic Journals. For more
information, please contact academic.publications@tubitak.gov.tr.

Turk J Biol
28 (2004) 91-97
© TÜB‹TAK

Genetic Analysis of Bifunctional Genes from Rumen Bacterium
Emin ÖZKÖSE, ‹smail AKYOL, Ercan EFE, M. Sait EK‹NC‹
Department of Animal Science, Faculty of Agriculture, Kahramanmarafl Sütçü ‹mam University, Kahramanmarafl - TURKEY

Received: 25.08.2004

Abstract: Deletion of domain B of the xynD gene was performed and the nucleotide sequence of this domain was compared with
other enzyme sequences to reveal its function. Ruminococcus flavefaciens DNA fragment encodes xylanase and β-(1,3-1,4)-glucanase
(xynD) activities with 3 domains (A, B, C). The amino-terminal domain (A) is related to family G xylanase while the carboxy-terminal
domain (C) is related to family 16 β-(1,3-1,4)-glucanase. These 2 domains are connected by a region (B) of unknown function.
Deletion of domain B leads to increased thermosensitivity of the enzyme and also in a 2-3-fold increase in β-(1,3-1,4)-glucanase
activity. A survey of the available sequence databases revealed the presence of thermostabilizing domains in numerous other enzymes
from various organisms. Although this domain has thermostabilizing properties, it has been proved that similar sequences of noncatalytic domains from other sources also showed xylan binding properties. Therefore, these domains are also called xylan binding
domains (XBDs).
Key Words: Ruminococcus flavefaciens, xylanase, thermostabilizing domain, rumen bacteria

Rumen Bakterisine Ait Çift Fonksiyonlu Genin Genetik Analizi
Özet: Bu çalıflmada xynD geninin B bölgesinin fonksiyonunun ortaya çıkarılması için B bölgesinin çıkarılması ve bu bölgenin nükleotid
dizisinin di¤er enzimlerin dizileri ile karflılafltırılması yapılmıfltır. Ruminococcus flavefaciens DNA parçası üç bölgeye sahip olup (A, B,
C), ksilanaz ve β-(1,3-1,4)-glukanaz (xynD) aktivitelerini kodlamaktadır. Amino-terminal bölge (A) G gen ailesine ait ksilanaz ile
iliflkili, buna karflın karboksi-terminal bölge (C) ise 16 gen ailesine ait β-(1,3-1,4)-glukanaz ile iliflkilidir. Bu iki bölge fonksiyonu tam
olarak bilinmeyen (B) bir bölge ile birbirine ba¤lanmaktadır. xynD geninin B bölgesinin çıkarılması enzimin sıcaklı¤a duyarlılı¤ının ve
aynı zamanda β-(1,3-1,4)-glukanaz aktivitesinin 2-3 kat artmasına sebep olmaktadır. Sekans verileri içerisinde yapılan arafltırmada
tehermosatbilize edici bölgelerin farklı organizmalara ait enzimlerde de oldu¤unu ortaya koymufltur. Bu bölgelerin termostabilize
özelliklerine sahip olmasına ra¤men, di¤er organizmalardaki benzer sekansların bu tip bölgelerinin ksilan ba¤lanma özelliklerine de
sahip oldu¤u ispatlanmıfltır. Bundan dolayı bu bölgelere ksilan bafllanma bölgeleri adı da verilmektedir.
Anahtar Sözcükler: Ruminococcus flavefaciens, ksilanaz, termostabilizasyon bölgesi, rumen bakterileri

Introduction
The major cellulolytic bacteria and fungi from the
rumen each produce a wide range of enzymes concerned
with the degradation of plant structural polysaccharides,
including not only cellulases, but also hemicellulases and
pectinases. Ruminococcus flavefaciens is one of the true
cellulolytic bacterial species found in the rumen (1,2). R.
flavefaciens possesses a wide range of plant cell wall
degrading enzyme specificities including xylanases,
cellulases, pectinases and esterases (3-5). Many
cellulolytic rumen bacteria are, however, highly selective
with respect to the polysaccharides they utilize as energy
sources. Certain strains of R. flavefaciens, for example,
show little to no ability to utilize the degradation products
of hemicellulose and are assumed to gain energy almost
exclusively from the breakdown products of cellulose (6).

Multiple genes encoding cellulases, xylanases and
esterases have been isolated and described from R.
flavefaciens (7-10). Most of these genes encode complex
multidomain polypeptides that carry more than 1 catalytic
region. Among the xylanases, for example, XynA, XynB,
XynD and XynE all carry related N-terminal family 11
xylanase domains, but also include family 10 xylanase,
family 3 esterase, β-(1,3-1,4)-glucanase and family 1
esterase domains, respectively (3,8,9). In addition, the
recent isolation of scaffolding anchoring type proteins
(11,12) confirms that many of these polypeptides, most
of which contain dockerin-like sequences (10), are
organized into a multienzyme cellulosome complex
resembling that found in cellulolytic clostridia (11). Many
cellulases and xylanases have multi-structures with 1 (in
some cases 2) catalytic domain(s) and 1 or more non-
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catalytic domains (13) of often unknown function. In an
effort to learn more about the function of the noncatalytic protein segment in these complex enzymes, we
carried out a deletion study of the domains found in the
R. flavefaciens bifunctional xylanase/β-(1,3-1,4)glucanase encoding gene.

Materials and Methods
Strains, plasmids and growth conditions
The high copy number pAMβ1 derivative pIL253 (14)
and Lactococcus lactis IL2661 were from Y. Duval Iflah
(INRA, France). The Escherichia coli, Gram-positive
shuttle vector pVA838 (15), Streptococcus sanguis DL1
was supplied by T.R. Whitehead (USDA, Peoria, USA) and
Streptococcus bovis 26 was supplied by C. Stewart (RRI,
Scotland, UK). Enterococcus faecalis JH2-SS is a
derivative of E. faecalis JH2-2, which carries mutations
conferring resistance to streptomycin and spectonomycin.
E. coli strains were routinely grown in LB medium. E. coli
DH5α was used as host for both pUC based constructs,
with 50 mg ml-1 ampicillin and as host for pVA838
vectors, with 150 mg ml-1 erythromycin for selection.
Selection in Gram-positive hosts was with 5 mg ml-1
erythromycin. S. bovis 26 was routinely maintained
anaerobically or facultatively in a modified medium (16).
For enzyme determinations S. bovis was also grown in
M17 medium (Oxoid Ltd, London, UK) modified by the
addition of 0.1 M MOPS buffer, pH 6.8, and the inclusion
of the appropriate carbohydrate substrate (17) at 0.2%
(w/v). Other Gram-positive bacteria were grown in M17
medium.
Molecular biology procedures
T4 DNA ligase and alkaline phosphatase were obtained
from Boehringer (Mannheim, Germany). Restriction
enzymes were obtained from Pharmacia LKB
Biotechnology (Milton Keynes, UK). The restriction and
ligation reactions were carried out as described by
Maniatis et al. (18). Transformation methods for E.
faecalis, S. bovis 26 and L. lactis followed published
procedures (19-21).
Enzyme determinations
Plate tests for xylanase and lichenase (β-(1,3-1,4)glucanase), in which plates carrying substrate overlays
containing 0.5% (w/v) agar, 0.5% (w/v) oat spelt xylan
or 0.1% (w/v) lichenan with the appropriate antibiotic
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were stained using Congo Red, were performed as
described earlier (8). Reducing sugar release from
polysaccharide substrates was determined by the method
described by Lever (22). Culture supernatants were
assayed either directly or concentrated using Amicon
filter paper, while cell pellets were resuspended in 50 mM
Na phosphate buffer (pH 6.5), subjected to 2 cycles of
freezing-thawing before assaying. All the substrates were
prepared in 0.05% sodium phosphate buffer (pH 6.5)
containing 0.5% (w/v) oat spelt xylan or 0.1 % (w/v)
lichenan. Detection of xylanase and β-glucanase activities
following SDS-PAGE was performed as described by Flint
et al. (8): 12% (w/v) acrylamide separating gel and 5%
stacking gel were used. Depending on the enzyme
analyzed, 0.1-0.2% xylan or lichenan were incorporated
into the separating gel.

Results
Cloning strategy
The xynD gene of the anaerobic rumen bacterium R.
flavefaciens was previously subcloned into shuttle vector
pVA838 to produce a pXL construct (20). The nucleotide
sequence of the xynD gene showed that domain B (309
amino acids) of the xynD gene from the mesophilic
bacterium R. flavefaciens (8) has a putative
thermostability region that bears a similarity to the Nterminal domains of thermophilic bacteria (23,24) and to
domains of xylanases from mesophilic bacteria, including
Cellulomonas fimi (25). With the aim of determining the
function of this domain, a deletion was introduced into
pXL that partially removed that domain. Thus, pXL was
digested with BglII restriction enzyme, and then religated
resulting in removal of a 600 bp fragment. The deletion
of the BglII fragment and religation produced an in-frame
translational fusion that lacks codons for amino acids
belonging to the putative “stabilizing” region. It is
predicted from the xynD sequence (8) that this will result
in an in-frame fusion of the carboxyl-terminal domain of
xynD with an amino terminal fragment. This new
construct was named pXLB.
As an alternative to cloning into pVA838, which has a
moderate copy number and limited restriction sites, the
high copy number pAMβ1-derived vector pIL253 was
also used. pIL253 itself cannot replicate in E. coli.
Therefore a plasmid that is able to replicate in both E. coli
and Lactococcus was constructed by in vitro joining of the
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pIL253 (Emr) and pUC based clone (pUC18/L9XRBS
clone) (20), which harbors the whole xynD gene
(pSEXL1). pSEXL1 was digested with the BglII restriction
enzyme, and was then religated, resulting in the removal
of a 600 bp fragment (pSEXLB). The constructs pXLB and
pSEXLB DNA were introduced into the Gram-positive
hosts by electroporation to analyze the stability and
expression level of the gene and gene products (Table 1).
The pSEXLB construct has been shown for the first time
to replicate in the Gram-positive bacteria including the
rumen bacterium S. bovis, and the resulting construct
(pSEXLB) was also stably maintained in all hosts.

Temperature stability of xylanase encoding gene
The temperature stabilities of pXL (carrying the whole
xynD gene) and pXLB constructs (which lack a
thermostabilizing domain) were compared. The xylanase
and lichenase activities were found to be stably
maintained at 40 ºC. After 40 ºC the lichenase enzyme
dramatically lost its activity (data not shown) with the
exception of xylanase activity. The xylanases from pXL
and pXLB clones were stable up to 40 ºC in E. coli (Figure
1). However, only xylanase from the pXL clone was stably
maintained at 55 ºC at the different time intervals (Figure
2).

Table 1. Xylanase and lichanase activities of different xynD constructs from different hosts.
Enzyme activities were determined as nmol-1 min-1 ml culture.
Xylanase

Lichanase

Bacteria with constructs

E. coli DH5α-pXL
E. coli DH5α-pXLB
S. bovis 26- pXL
S. bovis 26- pXLB
S. bovis 26- pVA838
S. bovis 26- pSEXLB
S. bovis 26- pSEXL1
S. sanguis DL1- pXL
S. sanguis DL1- pXLB
E. faecalis JH2-SS - pXL
E. faecalis JH2-SS - pXLB
L. lactis IL2661- pXL
L. lactis IL2661- pXLB

Cell

Supernatant

Cell

Supernatant

18.7
17.8
33.4
32.6
ND
44.6
46.2
32.3
30.1
18.6
17.4
6.3
5.8

8.0
9.4
46.4
45.2
ND
53.4
52.6
40.3
42.1
25.3
26.7
8.4
7.6

33.1
88.4
32.4
98.6
3.6
103.4
45.2
13.2
42.4
28.6
75.4
5.3
14.6

12.4
103.4
56.3
133.4
18.4
138.6
84.3
26.2
68.3
56.4
105.2
25
75

ND: Not determined
120

100

100

Relative Activity (%)

Relative Activity (%)

120

80
60
40
20

80
60
40
20
0

0
0

37

45
55
Temperature (°C)
pXLB

65

75

pXL

Figure 1. Temperature stability of xylanase from E. coli/pXL and pXLB.
Enzymes were preincubated at different temperatures for 20
min and then assayed at 37 ºC against xylan.

0

15

30
60
Preincubation time (min)
pXLB

120

240

pXL

Figure 2. Temperature stability of E. coli/pXL and pXLB xylanase.
Enzymes were preincubated at 55 ºC for 15, 30, 60, 120 and
240 min and then assayed at 37 ºC against xylan.
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Stabilizing domains in other glycosyl hydrolases
The available sequence databases were also scoured
for proteins with a similarity to the B domain of XynD.
More than 50 representatives of domains were detected
in numerous other enzymes, mostly xylanolytic enzymes,
of various organisms (Figure 3). The degree of similarity
between the domains is significant. Apart from the
thermostabilizing role (see Discussion), which has been
observed for a few of the domains, the functions of the
domains listed in Figure 3 are un known to date.

Discussion
Expression in Gram-positive bacteria
A number of genes encoding for plant cell wall
polysaccharidases have been isolated from both Grampositive and Gram-negative rumen bacteria. So far such
genes have been studied only in E. coli, where expression

is often anomalous because of internal translational start
sites and where extensive proteolysis breakdown can
occur (8,26). Furthermore, any product normally
glycosylated in Ruminococcus will not be modified in E.
coli. Therefore, it is of interest to examine the expression
of cloned genes in Gram-positive species more closely
related to Ruminococcus species. Thus the constructs
pXLB and pSEXLB DNA were introduced into the Grampositive hosts (Table 1). Although replication of new
constructs has been proved in Gram-positive hosts, no
significant increase in gene product was obtained, with
the exception of the recombinant L. lactis and E. faecalis
from which lower enzyme activities were obtained (Table
1). During the production of protein, gene products may
be degraded by intracellular proteases resulting in
complete inactivation of the protein. Host-specific
differences in translation (initiation) efficiency or product
stability might be other reasons for the low activity in L.
lactis and E. faecalis (20).

Figure 3. Domains structure of selected enzymes related to XBD domains of Ruminococcus flavefaciens
XynD. Boxes representing domains with significant amino acid sequence similarity are filled in
with the same pattern. White boxes are protein segments with unknown function.
Abbreviations: SP, Signal peptide; XBD, xylan-binding domain or TSD thermostabilizing domain;
GHF, glycosyl hydrolase family; CBD, cellulose binding domain; S-like, S-layer-like repeats, DO,
dockerin repeat for cellulosome association.
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The original aim of these constructions was to
investigate the role of the deleted region in XynD
function. However, deletion of the domain B fragment
interestingly resulted in increased lichenase activity (Table
1). The reason for the increase in lichenase activity may
be the removal of some sequences, which are difficult to
translate, or increased expression from an internal
translational start codon. Although increased lichenase
activity was also observed in SDS-PAGE containing
lichenan as substrate, no increase in xylanase activity was
observed in the pXLB clone (Figure 4). Expression of this
construct in S. bovis gave a greatly enhanced β-glucanase
activity band at 30 kDa together with only minor activity
bands at around 70 kDa (the predicted length of the
deleted XynD product) (Figure 4). The most likely reason
for this is greatly enhanced proteolytic cleavage of the
altered protein at a site before the β-glucanase domain,
although enhanced translation, perhaps from an internal
start site, is also implied by the high levels of activity
observed.
The possible role of the non-catalytic domain in
thermostability
As is known from comparative amino acid sequence
analyses, multidomain polysaccharide-hydrolyzing
enzymes are composed of distinct domains that are often
linked via flexible linker sequences. Separation of the
A
1

B
2

1

2

90 kDa
70 kDa

45 kDa

29 kDa

Figure 4. SDS-PAGE of E. coli/pXL and pXLB. A: Xylanase activity Lane
1: pXL; Lane 2: pXLB; B: Lichenase activity Lane 1: pXL ; Lane
2: pXLB.

domains from each other has often demonstrated that
they can function independently (27). Therefore, these
enzymes could be regarded as “hetero-oligomeric
enzymes with covalently connected subunits”. This type
of molecular organization makes it interesting to
investigate the effects of the removal of selected modules
on the catalytic properties and the stability of the
proteins.
Domain B of the R. flavefaciens XynD belongs to a
domain type whose role to date has remained largely
obscure. A variety of cellulolytic and hemicellulolytic
enzymes have multidomain structures with 1 (in some
cases 2) catalytic domain(s) and 1 or more non-catalytic
domains of often unknown function (27,28).
Comparative amino acid sequence analyses have revealed
that members of the same family of catalytic domains can
be connected to different types of non-catalytic domains
and members of one family of non-catalytic domains can
be connected to different types of catalytic domains. It
seems clear that substantial shuffling of domain-encoding
sequences by genetic mechanisms that are not known in
detail has led to the large variety of multidomain glycosyl
hydrolases (29) known today. The B domain of XynD has
been found to be partially responsible for enzyme stability
at 55 ºC. An XynD deletion derivative lacking B domain
(pXLB) was significantly less thermostable than the fulllength enzyme. Similarly, deletion of B-like domains from
other xylanases has resulted in enzyme derivatives that
were much more susceptible to thermoinactivation than
the full-length enzymes (23,30). As a consequence of
these observations, these domains often are called
thermostabilizing domains (TSDs) (23,25,30-33). The
function of this TSD in mesophilic bacteria such as the
rumen bacterium R. flavefaciens is still not clear. It may
be one of the functions of this domain to increase the
thermal stability of xynD, which was found to be stable at
55 ºC in the current study. The polysaccharide hydrolases
of other mesophilic bacteria are mainly active at around
40 ºC and are rapidly inactivated at higher temperatures.
However, xynD is not as thermostable as xylanases from
thermophilic bacteria (17,23). It still is not known why a
mesophilic bacterium that grows optimally at 37 ºC
carries this domain. A possible explanation is that the
domain confers increased stability against a range of
factors including proteolytic attack and extremes of pH,
and enhanced thermal stability is simply a reflection of the
general stability of the enzyme. In this respect it has
already been demonstrated that there is a clear
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correlation between the thermal stability of cellulases,
their resistance to proteinases, and their capacity to
retain activity over a wide range of pH values (13,17).
Presence of putative TSDs in other glycosyl
hydrolases
A survey of the available sequence databases revealed
the presence of TSDs in numerous other enzymes from
various organisms (Figure 3). Most of the enzymes with
this domain type are xylanolytic enzymes. Although this
domain has thermostabilizing properties it has been
proved that similar sequences of non-catalytic domains
from other sources also showed xylan binding properties.
Therefore these domains are called xylan binding domains
(XBDs) as well (13).
Thus, the B domain (TSD) of XynD can be regarded as
the prototype of a new large family of binding domains,
and it seems likely that many, if not all of the B-like
domains of other enzymes will prove to have an affinity
for xylan and thus also be XBDs. Until now, XBDs have
been regarded as rare exceptions among the non-catalytic
domains of glycanases. To our knowledge there are only
3 reports of non-catalytic domains with specific xylanbinding capacity. In all cases, insoluble xylan preparations
were used as the binding substrate (13,34,35). The
structures of some enzymes containing B-like domains
are schematically summarized in Figure 3. Interestingly,
most of the enzymes with B-like domains are
multidomain xylanases, which underscores the idea that

these domains may play a functional role in xylan
degradation. The majority of enzymes with B-like
domains have catalytic domains belonging to glycosyl
hydrolase family 10, but combinations with other
catalytic domains are also found. The XBDs are often
present as 2 repeats in tandem, but single copies are
possible (e.g., in Ruminococcus xylanases) as well as up to
4 copies (13). In most cases, the XBDs domains are
located on the N-terminal side of the catalytic domain
while CBDs domains, if present, are located on the Cterminal side (10,13).
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